germplasm accessions, and form the base of the Trinitario cacao population in existence at present. A total of 100 selections (labeled ICS-1 to ICS-100) were made after a survey of >50,000 preselected trees estimated to be 15 to 30 yr old and in production on cocoa estates in Trinidad at that time. Thirty-six percent were selected for high yield and good quality measured by pod index, annual yield, and bean dry weight >1.0 g. The other 64 selections were made based on yield and quality, with emphasis placed on disease tolerance and representation of the observed genetic diversity in the Trinitario population (Pound, 1934 (Pound, , 1935 (Pound, , 1936 .
At the time F.J. Pound made his selections, the Trinidad cacao population or Trinitario complex showed considerable variation for yield and susceptibility to witches' broom disease (Pound, 1931; Montserin et al., 1957) . It was described as a composite of descendants of hybrids between the numerous introductions to the island, which had undergone >500 yr of cultivation, and farmer selection (Cope and Bartley, 1954) . Ciferri and Ciferri (1957) surmised that the distinction between what was called Forastero cacao of Trinidad and Criollo cacao of Venezuela was really based on the commercial bean grading system in Venezuela and that the two populations actually shared a common genealogy.
Diseases have also been a major biotic factor infl uencing the genetic makeup of the Trinitario cacao population of Trinidad and Tobago. By the last quarter of 1928, witches' broom disease, caused by the fungus Moniliophthora perniciosa (Stahel) (Aime and PhillipsMora, 2005) , was impacting yields, as >28% of the cacao cultivations were infected in Trinidad (Bekele, 2004) . The ICS selections were made to obtain the best individuals to use as parents in a witches' broom disease resistance breeding program, with resistant cacao that would be introduced by Pound from Peru and Ecuador (Upper Amazon) in 1937-1938 and 1942-1943 . The best performers were identifi ed by vegetative cloning of the 100 ICS trees and screening in replicated regional trials in Trinidad from 1939 to 1945 (Cheesman, 1947) . Two clones in particular, ICS-1 and ICS-95, along with other ICS clones, outperformed the rest in these trials and were hybridized with selections made from the Upper Amazon cacaos from Peru. These selections were based on demonstrated resistance to witches' broom disease from screening under constant high levels of inoculum pressure at the Marper Farm (Montserin et al., 1957) .
This eff ort resulted in the launch of the Trinidad Selected Hybrids (TSH) cacao breeding program in 1949 by the then Ministry of Agriculture (currently Ministry of Agriculture Land and Marine Resources) of Trinidad. By 1965, >1.5 million clones of TSH cultivars with resistance to witches' broom were produced and distributed to the cacao farmers of Trinidad and Tobago. Currently, the TSH clones along with the old Trinitario cacao produce the distinctive Trinitario cocoa fl avor classifi ed as a fi ne or fl avor cocoa by the chocolate industry. It is described as fruity with fl oral attributes and pleasant ancillary fl avors such as molasses, licorice, caramel, and raisin, for which farmers receive a premium price (Bekele, 2004; Sukha and Butler, 2005) . The TSH cacao breeding program was (Kennedy et al., 1987) and remains one of the most successful and long-lived cacao breeding programs in the history of the crop. Previous to the TSH clones, the fi ne fl avor classifi cation of Trinidad cacao was produced by the base population of the ICS clones.
In 1991-1992, John Warren and Thakurani Cassie attempted to recapture some of this base population by collecting on abandoned cocoa estates in Trinidad. The aim was to collect 10 trees from cocoa estates located in the producing areas at the four cardinal points of the island, including Lopinot, Sangre Grande (area in which witches' broom was fi rst reported in 1928), Cumaca, Blanchisseuse, Maracas (St. Joseph), Mount St. Benedict, Tabaquite, and Rio Claro. A total of 119 trees were collected, of which 68 are currently conserved in the International Cocoa Genebank, Trinidad (ICGT) (Bekele et al., 2007) .
Frosty pod rot disease of cacao, caused by the basidiomycete Moniliophthora roreri (Cif.) H.C. Evans, Stalpers, Samson & Benny, is now in its invasive phase, rapidly spreading through South and Central America and working its way up through Mesoamerica (Aime and Phillips-Mora, 2005; Phillips-Mora et al., 2006a , 2006b ). The most cost-eff ective and environmentally friendly strategies to control the spread of frosty pod rot involve the development of new cacao cultivars with resistance to frosty pod, as was done for witches' broom. Two clones, ICS-95 and UF-273 Type 1, have been shown to be resistant to the seven known isolates of the fungus and are currently being used to incorporate resistance to frosty pod into susceptible cultivars.
Industry and consumer cocoa fl avor preferences determine the economic returns to farmers. Information on the genetic structure of specifi c cacao populations can assist breeders in selecting parents to incorporate desired traits without losing established fl avor characteristics of existing cultivars. This information will also assist germplasm curators to maximize genetic diversity in a minimum number of conserved genotypes.
The fi rst objective of this study was to establish the population structure and determine the ancestry of the old Trinitario cacao population of Trinidad. The second objective was to assess the possibility of obtaining a minimum number of microsatellite loci to discriminate among the closely related clones. The third objective was to assess the level of genetic diversity captured in the conserved ICS clones and relict clones from abandoned and Lower and Upper Amazon Forastero and Trinitario types of cacaos spanning a diverse range of origin (Supplemental Table 1 cocoa estates in Trinidad (TRD) to reduce genetic redundancy in the ICGT.
MATERIALS AND METHODS

Plant Materials
A total of 154 genotypes, comprising 88 ICS clones, 32 TRD clones from the ICGT, and 34 accessions as representatives of Criollo, 
DNA Extraction, PCR Amplifi cation, and Capillary Electrophoresis
DNA extraction, polymerase chain reaction (PCR) amplifi cation and microsatellite marker electrophoresis, allele calling, and binning were as previously described ( Johnson et al., 2007) . The PCR amplifi cations were performed with 35 fl uorescentlabeled microsatellite primers (Table 1) . Twelve of the primers are being used routinely for DNA fi ngerprinting of cacao (Saunders et al., 2004; Zhang et al., 2006) . The primers, developed by CIRAD (Lanaud et al., 1999; Pugh et al., 2004) , were used in 10-or 25-μL PCR reactions, for single and multiplexed reactions, respectively, containing at fi nal concentration, 1× PCR buff er with 15 mM of MgCl 2 (Applied Biosystems, Inc., Foster City, CA), 200 μM of dNTP, 1 mg of bovine serum albumin, 200 nM of each forward and reverse primer, 0.5 U of AmpliTaq DNA polymerase (Applied Biosystems, Inc.), and 2.5 ng of DNA template. The PCR amplifi cations were performed according to the following cycling protocol: 1 cycle 94°C for 4 min, 32 cycles 94°C for 30 sec, primer annealing temperature (Table 1) for 1 min, and 72°C for 1 min. For multiplexed primers, amplifi cation was performed for an additional cycle of 65°C for 3 min before a fi nal 4°C holding cycle. For electrophoretic separation of each sample, 1 μL of amplifi cation product, 12 μL of Hi-Di Formamide, and 0.2 μL of Rox 500 size standard (Applied Biosystems, Inc.) was denatured at 95°C for 5 min and placed immediately on ice. Capillary electrophoresis was performed on the ABI 310 automated sequencer (Applied Biosystems, Inc.) in a 36-cm capillary using POP4 polymer at 60°C, injection parameters of 15 kV for 5 sec, and run parameters of 15 kV.
Population Structure and Genetic Diversity Analyses
Microsatellite allele calling and sizing were accomplished using GeneScan and Genotyper 3.7 software (Applied Biosystems, Inc.) as previously described ( Johnson et al., 2007) . Population structure was inferred from the 35-microsatellite multilocus profi les of all 154 individuals with the software Structure (Pritchard et al., 2000; Pritchard and Wen, 2003) . An admixture ancestry model in Structure was used that best deals with individuals of mixed ancestry, a common occurrence in cacao germplasm. The model assumes that any individual could have inherited some fraction of its genome from any of the K populations. Three independent runs were performed for each value of K between 2 and 7, using a burn-in period of 50,000 for 1,000,000 replications. The proportion of membership for each accession (Supplemental Table 2 ) to a predefi ned population was used for the calculation of distance among accessions. The distance matrix was estimated as d ij = 1 -(r ij + 1)/2, where r ij is Pearson's correlation coeffi cient of the ith and jth accessions based on the proportion of membership. The consensus tree (Fig. 1) depicting the interpopulation genetic relationship was constructed with the unweighted pair group method with arithmetic mean, using the software Mega V3.1 (Kumar et al., 2004) .
Intrapopulation genetic diversity measures (Nei, 1973) for the populations identifi ed by Structure were estimated with the software Info-Gen Pro (INFO-GEN, 2003) . The 10 most informative microsatellite loci for fi ngerprinting and distinguishing between populations were derived from the highest polymorphism information content (PIC) values, estimated according to Botstein et al. (1980) for each of the 35 loci with Info-Gen Pro.
Genetic Diversity Management in Cacao Germplasm Collections
The occurrence of full-sib families among the ICS and TRD clones in Population 4 was assessed with the software Colony (Wang, 2004) . A total of 97 genotypes, with one representative of identical genotypes included, were analyzed, setting parents as unknown for three independent runs to ensure repeatability of results.
The identity of ICS-83, -87, -95, and -98 were verifi ed at multiple locations within the ICGT collection by comparing their multilocus marker profi les with Info-Gen Pro (Balzarini and Di Rienzo, 2003; INFO-GEN, 2003) and proportion of membership from Colony.
RESULTS
Population Structure
A total of 260 alleles were identifi ed from the 35 microsatellite loci in the 154 genotypes. The parameters used in Structure software for this data produced the highest log-likelihood scores when K was set to 4, or assigned the 154 genotypes to four populations based on allele frequencies at each of the 35 microsatellite loci. The four populations (labeled 1-4) in this study were composed of 19, 15, 13, and 107 individuals, respectively, with Population 4 containing 84%, Population 1 holding 10%, and Population 2 the rest of the ICS and TRD clones. Population 3 was composed solely of individuals of Lower Amazon origin. Populations 1 and 2 were composed principally of individuals of Upper Amazon and Ecuadorian ancestry, respectively. Individuals of Criollo, Trinitario, and Venezuelan ancestry all clustered in Population 4. The proportion of membership in each of the four populations, for each accession, is presented in Supplemental Table 1 . Individuals sharing a common ancestry show high membership to a population, while more admixed individuals have a more distributed membership among populations. The majority (>90%) of the individuals in this study were clearly assigned to a single population, with >70% of their inferred ancestry derived from a recognized cacao population (Cheesman, 1944) . There were only six individuals of admixed ancestry (ICS-10, ICS-46, ICS-90, ICS-35, SGU-3, and UF-613) assigned to the population to which they possess the highest membership for further analyses. The proportion of membership was used to generate the distance matrix for the consensus tree in Fig. 1 . This is the fi rst report to graphically illustrate the degree of relatedness among individuals within populations by the length of the branches in a tree format, instead of the normal color bar graph output of Structure.
Intrapopulation Genetic Diversity
Intrapopulation genetic diversity was estimated by the average number of alleles, the eff ective number of alleles, and the unbiased genetic diversity (Nei, 1973) . The genetic diversity estimates, obtained from the 35 simple sequence repeat (SSR) loci, is not signifi cantly diff erent for Populations 1 and 4 as shown by Friedman's test (Friedman, 1937) in Table 2 . The statistical signifi cance of the difference in genetic variation among Populations 1 and 4 to Population 3 is further emphasized by the percentage of polymorphic loci in Population 3 being approximately half of that in Populations 1 and 4.
The PIC value is a measure of the ability of the alleles of a marker to detect diff erences. The 10 most informative SSR markers with the highest potential for intrapopulation fi ngerprinting of individuals are not the same for each population (Table 1) . In Population 3, the PIC value for 40% of the SSR primers used in this study were extremely low (0.07) and primers mTcCir24, 35, 157, 160, and 239 were monomorphic.
Genetic Diversity Management in Cacao Germplasm Collections
Based on previous classifi cation (Supplemental Table 1 ), the proportion of membership to a particular population (Supplemental Table 2 The result of sibship analyses on the ICS and TRD clones in Population 4 revealed 12 full-sib families, one of which is located in Costa Rica (Table 3 ). The largest fullsib family comprises one TRD, seven ICS clones from the ICGT, and one ICS clone from Costa Rica. The second and third largest full-sib families comprise only TRD clones, with the other 75% of full-sib families comprising two or three genotypes. The latter part of Table 3 lists seven identical sets of genotypes that share the same multilocus SSR profi le for all 35 microsatellite loci within a set. Identical Set 2 is of particular interest, as it contains ICS-79 and ICS-100 from the University of the West Indies, St. Augustine campus (UWI) (ICGT) and ICS-100 from Costa Rica. However, neither the ICS-79 nor ICS-100 at the UWI campus matched Pound's description for these original clones (F.L. Bekele, unpublished data, 2006) , indicating the discovery of a misidentifi ed clone in the ICGT and IC3.
In the verifi cation of identity of ICS-83, -87, -95, and -98 at multiple locations within the ICGT, interesting discoveries were made. The ICS-83 in Block 5 at the San Juan Estate (SJE) is a mislabeled genotype, as it is identical to ICS-95 in Lot E in Costa Rica and ICS-95 in Block 1 at the SJE, ICS-95 in Campus 4 (13,8) at the UWI, and TRD 75 at the UCRS in the ICGT. The ICS-83 in Field 6B (E384, Tree4) has a 98% Trinitario ancestry and should be assessed with Pound's description of the original clone as a reference. The 35-microsatellite multilocus profi le for ICS-87 at the SJE and UWI campus were found to be identical (Table 3 ). The ICS-98 in the SJE is not the same as the ICS-98 at the UWI campus, with the clone at the SJE possessing 0.004% more Trinitario ancestry than the one at the UWI campus. Because the distribution of the rest of their genetic makeup is diff erent, it is more likely that the ICS-98 at the UWI campus is a mislabeled clone.
DISCUSSION Population Structure and Genetic Diversity of the Old Trinitario Cacao of Trinidad
The 35 microsatellite loci used in this study show that the ICS and TRD clones, or old Trinitario, form a single genetically homogeneous population that could be considered a landrace. This conclusion is further supported by morphological and agronomic characterization, as no signifi cant diff erences were found among these clones in the ICGT (Bekele et al., 2007) . Both molecular and agronomic characterization showed clones TRD-94 and -113 to be genetically diff erent from the rest of the population or mislabeled accessions. The majority (84%) of the old Trinitario share a common ancestry with the cacaos of Venezuelan Criollo origin used in this study and is in agreement with the fi ndings of previous studies (Laurent et al., 1994; Lerceteau et al., 1997) . This result is also congruent with the proposed genealogy of what was being called the Trinidad 'Forastero' (Ciferri, 1949; Ciferri and Ciferri, 1957) and later supported by Motamayor et al. (2002) , who showed that Criollo cacao originated in Venezuela. A common ancestry for the cacaos of Trinidad and Venezuela is not so farfetched, as Trinidad was the fi rst island in the Caribbean settled by preagricultural societies >7000 yr ago and later by ceramic-using agriculturalists around 250 bce, both originating from South America.
The new Trinitario population, comprising mainly cloned TSH cultivars, was derived by introgressing resistance to witches' broom disease from selected Peruvian Upper Amazon cacaos through an intensive backcross breeding program involving a few of the best ICS clones (Montserin et al., 1957; Kennedy et al., 1987) . Testament to this hybridization is seen in the 10% of the ICS and TRD clones that share a common ancestor with cacao from Peru but not Ecuador.
The results of this study substantiate a genetic base for the Trinitario fl avor. Both the new (TSH cultivars) and old (ICS and TRD clones) Trinitario populations possess the same industry-recognized, distinctive Trinitario fi ne fl avor recently characterized by organoleptics (Sukha and Butler, 2005) . This Trinitario fl avor is distinct from the fi ne Nacional fl avor for which Ecuadorian cacao is known, which is described as nutty with a unique fl oral attribute that is a combination of herbal, forest green, and moderate fresh fl ower aromas (Sukha and Butler, 2005) . It was also shown that the Nacional and Trinitario populations could be distinguished by the microsatellite loci used in this study, sharing only three out of 10 most informative loci in common. This represents the fi rst formal report of a marker-supported genetic basis for the Trinitario fl avor in cacao. A genetic basis for Nacional fl avor was previously reported (Lerceteau et al., 1997) .
The development of organoleptic characterization in the International Cocoa Organization/Common Fund for Commodities fi ne fl avor project (Sukha and Butler, 2005) and the highly inbred TSH cultivars, a model Trinitario population, makes marker-assisted selection of particular fl avor traits in cacao a possibility for the fi rst time. But before this can be a reality, the myriad of steps involved in the processing of cacao beans must be standardized as was done for organoleptic characterization.
The Introgression of Frosty Pod Rot Resistance into the New Trinitario Population
The superior attributes of ICS-95 were manifested early in the selection program, as it was described as showing outstanding resistance to witches' broom disease among the ICS clones (Toxopeus, 1969) , a good yielder (Cope, 1953) , and an early bearer, being rated second among the top 25 ICS clones identifi ed at the SJE ( Jolly, 1953) . Recently, ICS-95 showed good resistance to seven genetic groups of the frosty pod rot pathogen and is the source of resistance deployed in the TSH clones. This implies that resistance to frosty pod rot is inherent in the Trinitario population, and new sources of resistance should be sought in the Venezuelan Criollo population from which Chauo-120 and Criollo-13 were derived. Ciferri and Ciferri (1957) identifi ed the cacao populations of the Paria Peninsula of Venezuela extending southward through Caños de San Juan and the delta of the Orinoco River (Delta Amacuro) as possible origins of the Criollo cacao of Trinidad.
Ancestry in the Conservation of Families as Cacao Germplasm
One of the aims in the conservation of cacao is to maximize genetic diversity in a minimum number of genotypes for cost-eff ective management of germplasm collections. The PIC values for the microsatellite loci demonstrate a high power of discrimination for 60% of the loci used in both the Upper Amazon and Trinitario populations. This substantiates the use of these microsatellite loci in the assessment of genetic diversity among the members of each population. Although these clones are very closely related, as demonstrated by strong membership (common ancestry) to their respective population, only 12 full-sib families were identifi ed, the largest of which contained eight individuals. However, the limited gene diversity represented in the 107 individuals of the Trinitario population suggests that a much smaller number, selection of which can be facilitated by the proportion of membership, will capture the range of genetic diversity, making conservation more effi cient.
This ancestry-based approach in the selection of individuals within known cacao families for conservation can be applied to other groups of sibs currently maintained as cacao germplasm in national and international collections. The prime example is the accessions introduced from Ecuador and Peru in the search for resistance to witches' broom (Pound, 1938 (Pound, , 1943 . Pods were collected from fi ve populations in Peru and named after their collection sites: Iquitos Mixed Calabacillo, Morona, Nanay, Parinari, and Scavina. In Ecuador, some 320 pods were collected from 80 witches' broom-resistant refractario trees from commercial farms (Kennedy et al., 1987) . There are many such instances where sibs are maintained as cacao germplasm in both national and international collections.
These families can be rationalized, as was done for the ICS and TRD clones in this study, by the identifi cation of a set of microsatellite loci to determine the ancestry of each individual. The ancestry values for individuals can be compared and used to identify those that are closely related for morphological and agronomic characterization. Curators can then make the decision to keep or reduce the number of individuals from the same origin of extremely close ancestry and characteristics, thereby reducing genetic redundancy in the cacao germplasm collections. At the plot or genotype level, a method for the identifi cation of off -type trees within a row representing an accession was previously described ( Johnson et al., 2007) .
Population Structure Analyses
This is the fi rst study to represent the proportion of membership of individuals to each population as a phylogenetic tree rather than the usual color bar graph generated by the Structure software (Pritchard et al., 2000) . In the color bar graph, each individual is represented by a vertical line divided into colored segments corresponding to diff erent populations. The length of each colored segment or bar is equal to the estimated proportion of the individual's membership in the population of corresponding color and is frequently used as the basis of clustering genotypes (Parker et al., 2004; Garris et al., 2005; Hyten et al., 2007) . However, associating a bar to a particular genotype in the population and assessing relatedness among specifi c individuals in a population is not obvious in the bar graph format.
We constructed a phylogeny tree after converting the membership of individuals to a distance matrix for a clearer visualization of the relationship among genotypes and their assignment to a population. The method used to calculate the distance matrix, unlike commonly used methods, can detect similar diff erences caused by diff erent variables. The consistency of assignment of individuals to populations, based on our measurement-derived tree, was comparable to the individual membership matrix data, indicating that the measurement is reliable.
In this, as in numerous previous studies, the value of the information gained by the use of microsatellite analyses in cacao is undeniable. However, the cost of these analyses in terms of man-hours and consumables quickly becomes prohibitive when considering large numbers of individuals and loci. As such, it is desirable in cacao, as in other crops, to fi nd the lowest number of microsatellite loci required to obtain the desired information on which selection as a parent or conservation can be based.
Another application of microsatellite loci involves the identifi cation of species or cultivars in highly processed foods for the protection of high-end niche markets. Melchiade et al. (2007) identifi ed four microsatellite loci that could detect 17 accessions of the highly prized 'Annurca' apple (Malus pumila Mill. cv. Annurca) of southern Italy, with superior organoleptic characteristics in nectar and purée. In this study, the two sets of 10 loci identifi ed by PIC values for Populations 1 and 4 were as informative as all 35 loci in diff erentiating among all individuals in the ICS and TRD clones within the respective populations. However, it is important to note that the 10 most informative microsatellite loci were diff erent for each population, with the exception of two that were applicable to three of the four populations identifi ed in this study. It was also demonstrated that a diff erent subset of microsatellite loci would be needed to discriminate among individuals of Lower Amazon ancestry. These fi ndings have signifi cant implications to the approach of fi ngerprinting cacao germplasm.
